In this lecture honoring Grover F. Powers I shall try to give some idea of the way our knowledge of disease is advanced in clinical departments. I shall illustrate the methods from my own experience. If I seem to talk only of my own role, please remember that such success as I have had was dependent on my numerous associates in the department but particularly on Doctors Powers, Trask, and the men with whom I have worked intimately and shall mention in due time.
As you all know, Dr. Powers was one of the greatest clinicians of his generation. Nevertheless, he never felt that practice of good medicine or the teaching of the best practice was the most important function of a clinical department in a university. He took for granted that this would be done but also knew that excellent practice can be learned elsewhere. He was convinced that a university department should be judged largely by its ability to add to the knowledge on which good practice is based. And he succeeded in making the reputation of the department at Yale, despite its small size, outstanding in this respect. This end was attained largely through his ability to attract excellent young men to the department and create an atmosphere conducive to the study of disease in infants and children.
The practice of medicine starts with the observation of a patient. Clinical research starts in exactly the same way and the same questions are raised. There is no fundamental difference between the practice of medicine and clinical research. If there is a distinction, it lies in the more immediate concern of the practitioner with application of our present knowledge for the benefit of the patient, whereas the clinical investigator also assumes the responsibility of adding to our knowledge of disease. By training and inclination, the investigator tries to answer the questions raised by disease by bringing out new facts and interpretations. Success in clinical research usually requires more knowledge of one of the basic sciences such as physi- Every clinical investigator recalls certain patients who stand out in his mind as the starting point of a train of thought fructifying in controlled observations. I shall show how three patients played such a r6le in research at Yale.
The first patient was seen in the St. Louis Childrens Hospital in 1927. He was a four-year-old boy with severe gastric tetany following an appendiceal abscess. Before coming to the hospital he had been ill for four days with fever, vomiting, and abdominal pain. On admission, he had signs of peritonitis localized to the right lower quadrant. The diagnosis was confirmed when a large appendiceal abscess was drained. The patient continued to vomit almost all fluids for three days and did not take adequate food for eight days. Within 24 hours after the operation, carpopedal spasm and a Chvostek sign indicated tetany. Figure 1 shows the serum concentrations and certain clinical data as I recorded them at the time. It can be seen that chloride is expressed as mg. of sodium chloride and carbon dioxide content as volumes per cent of carbon dioxide. I also penciled in the values in mEq. per liter. Total base was determined at this time instead of sodium and potassium. Table 1 shows the same data in a more legible arrangement.
The evidence of tetany persisted for six days. There were no convulsions. Although serum calcium was slightly low, the tetany may be considered as In 1927, we believed that Gamble' had adequately described the pathogenesis of metabolic alkalosis. The disturbance was regarded as due to the loss of hydrochloric acid in gastric secretions. The resulting changes in body composition were considered to be largely, if not entirely, confined to the extracellular fluids. The serum analyses indicated the concentrations in extracellular fluids. The appearance of the patients and the loss of weight were considered to indicate a decrease in the volume of these fluids. Accord-5 I I ingly, the deficit of chloride was equal to the decrease in chloride concentration multiplied by the volume extracellular fluid. The volume of extracellular fluids was uncertain in 1927 and for that matter is still uncertain. Since sodium was regarded as confined to the fluids surrounding the cells, loss of body sodium was considered to be present even though the concentration in serum was normal. According to these concepts, the only deficits susceptible to fluid therapy were losses of water, sodium, and chloride. It was known that normal kidneys could excrete large amounts of bicarbonate and that the excretion of bicarbonate corrects metabolic alkalosis. These patients were known to have essentially normal kidneys and should, therefore, be able to adjust acid-base equilibrium if physiological saline was given in sufficient amounts to provide the sodium necessary for the excretion of bicarbonate.
From the point of view of extracellular fluids, Gamble's description of metabolic alkalosis is still reconcilable with present knowledge. His terminology does not agree with that of modern chemistry. He considered that bicarbonate concentration remained high owing to loss of chloride and, when recovery occurred, that chloride displaced bicarbonate. Descriptively he was correct but from the point of view of modern chemistry, the statements are misleading. Chloride does not react with bicarbonate and therefore cannot directly alter bicarbonate concentration. The fundamental change in metabolic alkalosis is loss of hydrogen and chloride ions from extracellular fluids. It is the hydrogen ions coming from carbonic acid which form bicarbonate and account for the rise in bicarbonate in metabolic alkalosis. Similarly, during recovery hydrogen ions as well as chloride ions increase. It is the hydrogen ions reacting with bicarbonate to form carbonic acid which account for the decrease in bicarbonate. This modern chemical interpretation is not a matter of semantics, but an explanation which brings out the role of the hydrogen ions in the acid-base equilibrium of the blood.
Although this patient received abundant physiological saline, the metabolic alkalosis did not respond as the convincing description of Gamble had led us to expect. It was rather generally known that some patients with metabolic alkalosis had acid urines and did not correct the blood changes promptly. Nevertheless, everyone said that metabolic alkalosis leads to an alkaline urine capable of correcting the serum changes if sufficient sodium chloride is available. Everyone was more or less complacent about our understanding of metabolic alkalosis because many, perhaps most, of the patients responded in a manner compatible with Gamble's description of the pathogenesis. I cannot say that I was any less complacent. I merely kept the record in my desk and hoped that some day I would be able to explain the findings satisfactorily. I shall now describe an apparent digression from the study of metabolic alkalosis occasioned by another case. The studies initiated by this patient eventually prepared me to return to the problem of metabolic alkalosis.
The second patient suffered from a typical attack of infantile diarrhea shortly after I arrived in New Haven in 1928. The balances of water and electrolytes were determined during recovery with the methods available. Figure 2 is taken from a paper written ten years later.8 This seven-monthold boy had had diarrhea for six days and had vomited a good deal during the last two days. He was regarded as very sick. Skin turgor was greatly diminished; the eyes and fontanel were sunken, and the abdomen flat. There was Kussmaul breathing. The serum concentrations were: bicarbonate, 14; Cl, 108, and total base, 137 mEq. per liter. In other words, there was evidence of marked dehydration of extracellular fluids with acidosis and low sodium concentration. After three days, the balance data showed a retention of somewhat less than 20 milliequivalents of chloride per kilogram. The balance of total base indicated that about the same amount of sodium was retained. Despite these retentions of sodium and chloride, the practically constant body weight indicated that little water was retained during recovery. These findings showed that recovery from the clinical picture of dehydration could occur without appreciable change in body water.
According to our ideas in 1928, diarrheal dehydration was produced by losses of water, sodium, and chloride in the stools. Emphasis was placed on the losses of sodium and chloride because the losses of potassium which were known to occur were regarded as an accompaniment of starvation and tissue breakdown. The therapeutically important losses were regarded as extracellular water, Na and Cl. It was known that the sodium concentra-tions of the serum might be low, normal, or high, but little attention was paid to the implications of the sodium concentrations of the serum.
This patient was in the back of my mind when Yannet and J8 devised a method for the experimental production of losses of sodium and chloride without change in body water. We showed that loss of sodium and chloride leads to low sodium concentrations when body water is constant. However, the blood becomes concentrated with respect to hemoglobin, indicating a decrease in plasma volume. The dogs showed diminished skin turgor, lost their appetites, and did not restore sodium concentration until salt was given. It could be shown that extracellular volume had decreased owing to shift of water into the cells. This is the effect which one would anticipate if osmotic equilibrium is attained between extracellular and intracellular fluids by transfer of water rather than by transfer of cations out of the cells when serum sodium concentration decreases. The data showed that the decrease in Na concentration with a given Na loss is related to total body water. However, the shift of extracellular water into the cells depends on the relative proportions of extracellular and intracellular fluids. Other experiments showed that increase in extracellular sodium concentration produced expansion of extracellular water owing to transfer of intracellular water to the fluid outside of the cells. In part the symptoms depend on the volume of extracellular fluids. To understand the disturbances produced by losses of water and electrolytes, it was necessary to study body composition and define more precisely the distribution of body water and electrolytes. With a reasonably reliable frame of references that depicted body composition, it should be possible to discuss intelligently the changes in body composition.
For this purpose, Harrison, Yannet, and Il' analysed the bodies of certain animals for water and electrolytes. The data indicated that most but not all chloride is extracellular. Despite some uncertainty, the chloride gave us a first approximation of the volume of extracellular fluids. Sodium was shown not to be confined to the fluids surrounding the cells. About one-fourth was found in the bone salts where it could not be taking an active part in the osmotic properties of these fluids. Considerable amounts of sodium were found in muscle cells and probably existed in other cells as well.
The analyses enabled us to depict body composition as illustrated in Figure 3 . The construction is based on the following assumptions: extracellular volume multiplied by the concentration of electrolytes in an ultrafiltrate of serum gives total extracellular electrolytes; intracellular electrolytes are given by the volume of intracellular water multiplied by the probable concentrations in the intracellular water signed to modify cell composition. Accompanying diets low in potassium and injections of desoxycorticosterone acetate, muscle potassium decreased by as much as one-third of the normal content while intracellular sodium replaced about two-thirds of this deficit. Although our work was done independently, HeppelP' demonstrated the same findings in young rats fed a diet low in potassium before our work was published. If we had determined serum bicarbonate concentration or had paid attention to the low chloride in the presence of normal sodium, we would have known that we had produced metabolic alkalosis. In other experiments, intracellular potassium increased promptly following the rise in serum potassium resulting from intraperitoneal injections of potassium chloride. However, the potassium left the cells as serum potassium returned to normal. In rats with cells depleted of potassium, injections of potassium chloride produced large and rapid increases in muscle potassium with only a slight rise in serum potas-sium. It was now clear that the muscles are not subject to significant increases in potassium unless serum potassium is distinctly high but large decreases occur when the output exceeds the intake. This latter change in composition was shown to occur without gross loss of muscle contraction.
These findings completely altered the concept of the equilibrium between extracellular and intracellular fluids that had dominated clinical medicine. The membranes had been regarded as relatively impermeable to cations and consequently sodium could not enter the cells. At present it seems clear that The characteristic features of these patients" 9 were marked metabolic alkalosis and the passage of voluminous watery stools since birth. The stools contained more chloride than sodium and considerable potassium. Serum bicarbonate was always high and chloride, always low; serum potassium was often low. The urine was always essentially free of chloride. Protein fat, and carbohydrate were well absorbed despite the continuous watery stools. The alkalosis could not be corrected with sodium chloride; ammonium chloride produced only a temporary fall in bicarbonate. Potassium was somewhat more successful in restoring serum bicarbonate and chloride concentrations. We know now that I did not give large enough doses of this salt during these studies. Table 2 shows the balances for two periods of three days and the serum concentrations at the beginning and end of these periods. In period 1 the patient developed the clinical picture of dehydration, and the alkalosis became more marked. In period 3 the general condition improved, and the alkalosis decreased. During this study hypodermoclyses of saline were given each day, and potassium chloride was added to the milk mixture. The table also shows the cellular balances.
In order to estimate the cellular changes in sodium and potassium, the following assumptions"6 were made: (i) that extracellular water was 25 per cent of the body weight when dehydration was not present, (ii) that the extracellular concentrations of electrolytes were those of an ultrafiltrate of serum, and (iii) that the balances of chloride reflect changes of chloride in extracellular fluids only. While it is known that these assumptions are likely to lead to errors when the balances are small, the predictions are fairly reliable when the balances are large as was the case in these studies. The calculations based on these assumptions are shown in the following equations:
[CI]e (H20)e = (Cl)e (CI)e + (Balance Cl)e = (Cl)e2 (Cl) e2 = (HO) e2
[Cl] e2 (HO)e[Nale -(Na)e (Na)e -(Na)e2 =(Balance Na)e The brackets [ ] refer to concentrations and the parentheses ( ) to total amounts. The subscript e refers to extracellular and 2 to the end of the balance period. The cellular balance is obtained by subtracting the extracellular balance from total balance.
During period 1 the calculated decrease in extracellular volume was 380 grams despite a loss of body weight of only 90 grams. The appearance of the patient indicated a considerable loss of extracellular water. Fifty milliequivalents of sodium entered the cells while 60 mEq of potassium left the cells. The deficit developed in the cells would be 69 mEq if the balance of nitrogen is taken into account. In other words, increasing metabolic alkalosis was accompanied by increase in intracellular sodium and decrease in potassium. In period 3 metabolic alkalosis decreased while intracellular sodium decreased 40 mEq and potassium increased 71 mEq. The change in potassium in relation to nitrogen balance would be 54 mEq. Body weight increased 240 grams while the calculated extracellular volume increased 920 grams. Attention is directed to the fact that over-all balances do not indicate the shifts of sodium and potassium between intracellular and extracellular fluids. Thus the calculations developed in order to interpret the balances in this patient provided a method of interpreting data in other patients as well as giving new insight into metabolic alkalosis.
At this time we knew a good deal about the changes in composition of muscle in rats. We knew that similar changes occur in patients. In 1945, a paper discussed the probable relation of changes in intracellular composition to disturbances in body water and electrolytes in patients.! It could be confidently predicted that considerable losses of cell potassium would be found in both metabolic alkalosis and acidosis, i.e., in alkalosis due to loss of gastric secretions and acidosis due to diarrhea, diabetic acidosis, and probably many other disturbances. It was known that the changes in cell composition would respond to administration of potassium. It was this patient with congenital alkalosis with diarrhea who made me certain that metabolic alkalosis is accompanied by loss of muscle potassium and retention of sodium in the cells. However, the details of the pathogenesis of metabolic alkalosis were not apparent. It was this patient who made me confident that the administration of potassium to infants with diarrhea would be beneficial if the deficits of potassium were as great as I expected. The study by Schwartz, Iannucci, Coville, and myself7 brought the relationship of cell composition to acid-base equilibrium clearly into view. Both metabolic acidosis and alkalosis were produced by inducing a deficit of one of the ions, sodium, chloride, or potassium. The rats were permitted to adjust to the deficit of one ion in the presence of abundant intakes of the other two ions. Under the conditions of these experiments serum bicarbonate concentration varied directly with intracellular sodium of muscles and inversely with potassium. Deficit of chloride accompanied by metabolic alkalosis resulted in the same changes in muscle composition as were produced by primary deficit of potassium. Likewise, primary deficit of potassium produced the same changes in serum concentrations, namely, decrease
The patient in clinical research DARROW in chloride and high bicarbonate. It was now established that metabolic alkalosis produces loss of cell potassium, and loss of cell potassium produces metabolic alkalosis. The experiments did not reveal whether this relationship was dependent on the equilibrium between extracellular and intracellular fluids or a change in renal function.
At this point Cooke, Segar, Cheek, and a number of students clarified this point.' It is the effect of metabolic alkalosis on renal function which leads to deficits of potassium; it is the deficit of potassium that alters renal function so that metabolic alkalosis develops and is maintained. The evidence can only be briefly summarized in this lecture. Prolonged large intakes of sodium bicarbonate do not produce metabolic alkalosis unless the intake of potassium chloride is very low. However, the intake of potassium is more important in preserving the renal defense against alkalosis since a high intake of potassium preserves renal defense against quite low chloride intake, while chloride does not preserve renal defense when the intake of potassium is low. The rats did not develop alkalosis without decrease in cell potassium and increase in intracellular sodium. The data bring out clearly that rats with metabolic alkalosis and potassium deficiency have an excess of sodium in the cells. Probably there is little or no deficit of chloride in the body as a whole despite the low serum concentrations. Thus the electrolyte deficits are chiefly, if not solely, potassium. It should not, therefore, be too surpising that the changes in body composition can be corrected with either potassium chloride or potassium bicarbonate without any external source of sodium chloride. The changes in muscle and the balances of electrolytes on giving these potassium salts reveal two mechanisms involved in recovery from metabolic alkalosis. The first is the exchange of extracellular potassium for intracellular sodium and hydrogen. The second is the excretion of bicarbonate with potassium as well as sodium. Both mechanisms require replacement of potassium.
The exchange between extracellular fluid and muscle may be depicted in three stages when KCI is given: (i) 3 KCI are added to extracellular fluids, (ii) 3 K enter the cell in exchange for 2 Na and I H, (iii) this leaves extracellular fluids with 2 NaCl and 1 HCI. The HCI reacts with Na HCO3 to form NaCl. Serum bicarbonate is reduced by hydrogen ions derived from the cells and the kidneys play no r6le in the recovery from alkalosis.
When KHCO3 is given, the exchange is the same: (i) 3 KHCO3 are added to extracellular fluids, (ii) 3 K exchange for 2 Na and 1 H, (iii) extracellular fluid then has 2 NaHCO3 and 1 H2CO3. Bicarbonate is increased, and restoration of serum bicarbonate concentration is attained by excretion of base in the urine which is equivalent to retention of hydrogen ions. We were surprised that the base excreted was not largely bicarbonate but organic anions.
In both types of experiments, sodium was lost from the muscles as potassium was retained. The changes in muscle composition in metabolic alkalosis indicate an excess of intracellular hydrogen ions which are released during recovery. Indeed the increase in cellular protons is greater than the decrease in extracellular fluids. The experiments give no evidence that the body as a whole suffers a deficit of hydrogen ions in metabolic alkalosis with potassium deficiency. Consequently the administration of ammonium chloride is not indicated. This salt can merely temporarily decrease extracellular bicarbonate while aggravating the disturbance in hydrogen ions in the body as a whole. There is evidence that the deficit of chloride ions may be negligible or at least much smaller than the decrease in extracellular concentration would lead one to expect. The rats receiving potassium bicarbonate restored serum chloride concentration without an external source of chloride. The rats lost considerable weight. Probably total body chloride was essentially normal owing to expansion of extracellular volume. With treatment, the contraction of extracellular water increased serum chloride concentrations to normal.
The pathogenesis of metabolic alkalosis was now reasonably clear. Renal defense against alkalosis leads to increased potassium excretion as long as potassium is available. The defense is successful as long as muscle potassium can be maintained. When the cells become deficient in potassium, renal function is altered. The kidneys now fail to maintain normal serum bicarbonate and chloride concentrations; the concentrations characteristic of metabolic alkalosis now develop and are maintained despite abundant excretion of sodium and chloride. The changes in muscle composition indicate that about two-thirds of the deficit of potassium is replaced by sodium. The cellular deficit of cations is apparently replaced by hydrogen ions. This paradoxical increase in hydrogen ions in the cells while there is a decrease of these ions in extracellular fluids is not satisfactorily explained. Nevertheless, it is evident that hydrogen ions are donated to extracellular fluids as cell composition is restored.
It is probable that aldosterone and other corticosteroids that increase urinary potassium play a role in the pathogenesis of metabolic alkalosis. Metabolic alkalosis develops in some types of adrenal hypercorticalism owing to losses of potassium. Activation of the adrenal cortex by operations has been shown to occur and probably aggravates the potassium losses. The administration of a number of corticosteroids produces metabolic alkalosis.
We are now in a position to explain case 1. The patient developed metabolic alkalosis owing to loss of hydrochloric acid in vomitus. Consequently, urinary excretion of potassium increased and deficits of this ion developed when food could not be taken in sufficient amounts to replace the losses. Under these circumstances, administration of large amounts of sodium chloride failed to correct the alkalosis. There is evidence that, if the urine contains large amounts of sodium, potassium excretion increases. The patient finally recovered when he took enough food to restore the deficits of potassium.
This patient is typical of many cases of metabolic alkalosis formally seen on the surgical wards, especially in those subjected to gastric suction after operations. The recognition of the relation between potassium deficiency and alkalosis has enabled the surgeons to provide appropriate fluids after operations. It has permitted them to succeed vwith operations that were all but impossible before potassium was administered.
I shall now return to my original thesis that clinical research starts with the observations of the patient. As in the present discussion, phenomena may be observed which require physiological explanations. When this is the case, the clinical investigator must use physiological methods. He often opens a new field of physiology as well as clinical medicine. This type of physiological research is not likely to be done by men actively engaged in the practice of medicine. Neither is it likely that these observations will be made by pure physiologists, yet the experiments are essentially physiological. Consequently, some clinical research becomes an essential part of pure physiology.
We are all familiar with the dependence of clinical medicine on physiology. We may sometimes forget that physiology is just as much dependent on sound clinical observations as it was in the past. The answers to the questions raised by disease are directly applicable to physiology. Not only do the observations of clinical research become a part of our knowledge of how the body works, but the techniques of study which at first seem peculiar to clinical medicine often prove the simplest method for observations not directly related to disease. Likewise, I have found that the phenomena of disease are more readily explained by physiological experiments than by direct observations on patients which are always so difficult to control. Nevertheless, the patients, as the present discussion has shown, are essential to orient physiological observations so as to answer the questions raised by disease. Consequently, I have no sympathy with attempts to confine physiological observations to physiological laboratories. As corollary, I have no sympathy with restriction of clinical research to the observations that can be made on patients. In the long run no sharp distinction between the knowledge of physiology and clinical science can be justified.
In the past thirty years clinical research has become an important feature of the medical schools of this country and has been actively supported by the universities. However, there is danger that the universities may let this field slip from their hands now that clinical research is conducted on such an elaborate scale in institutes. With an eye on budgets, administrators of medical schools and hospitals connected with medical schools may be willing to let this essential function of the medical schools and these hospitals be done elsewhere. The clinical investigator may be regarded as an amphibian who is not well adapted to the environment of pure research or that of clinical medicine. It may be decided that the sole function of the hospital is the care of the patient and the sole function of the medical school is teaching the best of current medical practice. The lack of adaptation of the clinical investigator is only apparent for there is a large region that involves both the clinic and the laboratory where a rich life can be lived in a truly amphibian environment. Exploration of this area is essential to the development of real university clinical departments.
When the Yale University School of Medicine was reorganized over thirty years ago, it was decided that all departments could and should be conducted at the level of graduate education. The medical faculty was given control of the laboratories and the wards in order to study disease as well as to care for patients. It was felt that in no other way could the clinical departments conduct medical education at the graduate level. The idea was to get away from teaching medical practice as a trade. I believe that the important distinction between a trade school and a department of a university is as follows: A trade school is concerned with teaching the best in current practice of a trade while a university is concerned with advancing the knowledge on which the practice of a trade is based. A trade school is busy with indoctrination of the students while a university prepares the students for the future developments of the field.
It is not only the medical schools which recognize this point of view. An industrial engineer told me that it is practically useless to teach solely practice in a field of engineering because the practice becomes obsolete in five years. We all know that this is true in medicine. If a university department in a medical school does not recognize that the study of disease is an essential function, the students are not likely to be prepared for the essential mental processes of medical practice; they will not come in contact with the advanced students of disease and will not be well prepared for objective evaluation of the advances in medical science.
